the purpose of this study is to clarify the method to achieve high transmutation rates of four longlived fission products ( 79 Se, 99 tc, 107 pd, and 129 i) using a fast reactor. new LLfp target assemblies were invented in consideration of the suppression of thermal spikes in adjacent fuel assemblies by combining YD 2 and YH 2 moderators or using a thermal neutron filter material. It was clarified that the high transmutation rate of about 8%/year was achieved, if the new LLFP target assemblies of 4 nuclides were loaded in the blanket region of the sodium cooled, MoX fueled fast reactor. the feasibility of the LLfp transmutation target was clarified through experiments on material properties and fabrication of the LLfp target, YH 2 and YD 2 moderators.
Se, 99 Tc, 107 Pd, and 129 I were selected as nuclides aiming at a high transmutation rate. The reason is as follows: LLFP is considered important from the viewpoint of the safety performance of the repository (exposure dose to the public in the far future) 31 . Among the 4 nuclides, it has been pointed out that the nuclide that poses a problem in the long-term radiological effects in geological disposal is 129 I, which is a long-lived nuclide that is soluble and has low absorption to the underground material. 99 Tc is the dominant radioactivity of the vitrified radioactive waste, and its potential toxicity is an issue. 79 Se has also become a determinant of public exposure in the period of 10 4 -10 5 years. 107 Pd is important in terms of overall exposure reduction.
In order to achieve a high transmutation rate, it is necessary to increase the number of thermal neutrons by increasing the ratio of moderator in the LLFP target with moderator. For this purpose, in addition to deuterium D, which has been used as a moderator to the present [32] [33] [34] , it will be necessary to apply hydrogen. We consider achieving a high nuclear transmutation rate by combining deuterium and hydrogen. In addition, when hydrogen is used, it is anticipated that thermal neutrons and the power density increase (thermal spike) at the fuel pins in the fuel assembly adjacent to the LLFP target assembly, and countermeasures are also required.
The purpose of this study is to clarify the method to achieve high transmutation rates of four long-lived fission products ( 79 Se, 99 Tc, 107 Pd and 129 I) using a fast reactor. Another purpose of this study is to clarify the feasibility of the LLFP transmutation target by experiments on material properties and fabrication.
Results and Discussions
Study on high transmutation performance of 79 Se, 99 tc, 107 pd and 129 i. Table 1 shows the main core specifications of the 300 MWe class sodium cooled, MOX fueled fast reactor. The isotopic composition of the four nuclides is shown in Table 2 . Figure 1 shows the core configuration of LLFP loaded core. Figure 2 shows an arrangement of LLFP target pins in LLFP target assembly. Figure 3 shows an example of the arrangement of LLFP and moderator in LLFP target pin.
Two types of moderator materials, yttrium hydride (YH 2 ) and yttrium deuteride (YD 2 ), were analyzed for the transmutation rate, support ratio, and power peaking using the moderator volume ratio as a parameter. Power peaking is defined by the ratio of the maximum power pin to the average power pin in the second layer fuel assembly of the outer core.
The results are shown in Figs. 4-15 It has been found that by increasing the moderator volume ratio, a high transmutation rate can be obtained regardless of the moderator material. The transmutation rate using YH 2 is higher than that using YD 2 . On the other hand, the support ratio was found to have a convex distribution for YH 2 and becomes the maximum at a volume ratio of between 30% and 60%. For YD 2 , the support ratio became the maximum when the volume ratio was 0% to 40%; however, the change in the range was small. The power peaking did not change significantly with YD 2 even when the moderator ratio changed. However, in the case of YH 2 , the power peaking increased with the moderator ratio, and it was found that the power peaking tends to rise suddenly www.nature.com/scientificreports www.nature.com/scientificreports/ from a volume ratio of 80%. The power peaking is approximately 1.25 in the conventional core. Even if the fuel pellets are replaced with high density hollow pellets that allow a higher linear heat rate than the conventional low density solid pellets, power peaking needs to be suppressed to approximately 1.8 due to the maximum linear heat rate limitation.
Based on the results obtained from the parameter survey, under the condition of SR > 1, the moderator material and volume ratio that allow for a high transmutation rate of approximately 8%/year were selected for each nuclide.
For 79 Se, both YH 2 and YD 2 have moderator volume ratios with a transmutation rate of about 8%/year; however, a 90% YD 2 volume ratio was selected from the viewpoint of power peaking. Under this condition, the support ratio was approximately 28, and SR > 1 was satisfied.
For 99 Tc, the moderator material and volume ratio of moderator with a transmutation rate of approximately 9.5%/year is YH 2 and the volume ratio is 90%. Under this condition, the support ratio was approximately 4.8, and SR > 1 was satisfied. On the other hand, power peaking is approximately 2.0; and even if a high-density hollow pellet is adopted, it is considered that the maximum linear heat rate limitation is not satisfied.
For 107 Pd, the moderator materials at which the transmutation rate was approximately 8%/year were YH 2 and YD 2 , and the volume ratio was approximately 90%. However, from the viewpoint of power peaking, the 90% volume ratio of YD 2 was selected. Under this condition, the support ratio was approximately 2, and SR > 1 was satisfied.
For 129 I, the moderator material with a transmutation rate of about 14%/year was YH 2 , and the volume ratio of the moderator was 90%. Under this condition, the support ratio was approximately 4.3, and SR > 1 was satisfied. Dependence of transmutation rate of 79 Se on volume ratio of moderators. As a moderator volume increases, the transmutation rate increases. The transmutation rate using YH 2 is higher than that using YD 2 .
Figure 5.
Dependence of support ratio of 79 Se on volume ratio of moderators. The support ratio has a convex distribution for YH 2 and becomes maximum at a volume ratio of between 30% and 60%. For YD 2 , the support ratio becomes the maximum at a volume ratio of between 0% and 40%, but the change in the range is small.
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(2019) 9:19156 | https://doi.org/10.1038/s41598-019-55489-w www.nature.com/scientificreports www.nature.com/scientificreports/ On the other hand, power peaking was approximately 2.5, and even if a high-density hollow pellet is adopted, it is considered that the maximum linear heat rate limitation is not satisfied.
For 99 Tc and 129 I, it was found that power peaking needs to be suppressed. When YH 2 is used as the moderator material, since the slowing down power is high, a large amount of thermal neutrons generated by moderation leaks to the core side. Since the fission cross section of the thermal energy group of fuel nuclides is large, a power peak occurs in the fuel assembly. Therefore, two methods are considered: a method of mixing YH 2 and YD 2 with lower slowing down power to control the amount of generated thermal neutrons, and a method of installing thermal neutron absorbing material to prevent the generated thermal neutrons from leaking to the core side. Dependence of transmutation rate of 99 Tc on volume ratio of moderators. The transmutation rate increases as the moderator volume increases. When the moderator volume ratio exceeds 80%, the transmutation rate increases significantly. The transmutation rate using YH 2 is higher than that using YD 2 .
Figure 8.
Dependence of support ratio of 99 Tc on volume ratio of moderators. The support ratio has a convex distribution for YH 2 and becomes the maximum at a volume ratio of between 30% and 80%. In the case of YD 2 , the support ratio decreases as the volume ratio of the moderator increases. www.nature.com/scientificreports www.nature.com/scientificreports/ As a method to reduce power peaking of the 99 Tc target, a measure was taken to mix YH 2 and YD 2 as moderator materials. Figure 16 shows the dependence of transmutation rate for 99 Tc on the volume ratio of YH 2 in the moderator. Figure 17 shows the dependence of support ratio for 99 Tc on the volume ratio of YH 2 in the moderator. Figure 18 shows the dependence of power peaking for 99 Tc target assembly on the volume ratio of YH 2 in the moderator. From these figures, the YH 2 volume ratio in moderator was 60% when power peaking was approximately 1.8, and the transmutation rate was approximately 7.9%/year. Under these conditions, the support ratio was approximately 4.3, and SR > 1 was satisfied. Dependence of power peaking of 99 Tc target assembly on volume ratio of moderators. In the case of YD 2 , power peaking is almost constant over the entire range of the moderator ratio. In the case of YH 2 , power peaking increases significantly when the volume ratio of YH 2 exceeds 60%. Figure 10 . Dependence of transmutation rate of 107 Pd on volume ratio of moderators. The transmutation rate increases as the moderator volume increases. The transmutation rate using YH 2 and YD 2 is almost the same up to 80% of the moderator volume ratio. When the moderator volume ratio is 80% or greater, the transmutation rate of YD 2 becomes higher than that of YH 2 . Figure 11 . Dependence of support ratio of 107 Pd on volume ratio of moderators. The support ratio has a convex distribution for YH 2 and becomes the maximum at a volume ratio of between 20% and 40% volume ratio. In the case of YD 2 , the support ratio decreases as the volume ratio of the moderator increases.
www.nature.com/scientificreports www.nature.com/scientificreports/ To reduce power peaking in the 129 I target, a method of installing a thermal neutron absorber was adopted because the transmutation rate of 129 I was reduced when using the method of mixing YH 2 and YD 2 . Many neutron absorbing materials are conceivable as thermal neutron absorbing material. As a new method, we examined Tc, which is also the target of LLFP transmutation. A new idea to replace the 129 I target pins on the outer first layer of the 129 I target assembly with the 99 Tc target pins was studied. Figure 19 shows the arrangement of 129 I pins and 99 Tc pins in 129 I target assembly. Figure 20 shows the neutron spectrum with and without the 99 Tc. When 99 Tc is installed, the neutron flux in the thermal neutron region decreases. Its effectiveness in suppressing the power of . Dependence of transmutation rate of 129 I on volume ratio of moderators. As the moderator volume ratio increases, both transmutation rates increase. The transmutation rate using YH 2 is higher than that using YD 2 .
Figure 14.
Dependence of support ratio of 129 I on volume ratio of moderators. The support ratio has a convex distribution for YH 2 and becomes the maximum at a volume ratio of between 50% and 70%. For YD 2 , the support ratio becomes the maximum at a volume ratio of between 0% and 40%.
Scientific RepoRtS | (2019) 9:19156 | https://doi.org/10.1038/s41598-019-55489-w www.nature.com/scientificreports www.nature.com/scientificreports/ the fuel pins near the LLFP target assembly can be seen. Figure 21 shows the analysis results of transmutation rate and power peaking when the 99 Tc volume of the 99 Tc pin in the outer first layer of the 129 I target assembly is changed. When the 99 Tc volume ratio was about 40%, power peaking was approximately 1.8, and the transmutation rate at that time was 7.5%/year. In this case, the support ratio was 1.5 or more, and SR > 1 was satisfied. Table 3 summarizes the analysis results of transmutation target assemblies with high transmutation characteristics when LLFP is loaded in a fast reactor. It was found that all four nuclides can achieve high transmutation rates while keeping the limiting conditions for power peaking.
The pin temperature and pin pressure loaded with LLFP were evaluated. As a result, all pin temperatures were below the limit value. Also, the pin pressure of the BaI 2 loaded pin, which generates Xe gas, was approximately 50 kg/cm 2 after 3 years in the reactor. It was found that the cumulative damage factor of the cladding tube due to the inner pressure of the cladding tube was well below the limit value 1. The integrity of the LLFP target pin was confirmed. The cladding tube temperature limit was set at 600 °C in consideration of the melting point except for Se. The Se loading form was ZnSe, and the pellet center temperature was required to be 500 °C or less in order to 
Study on material properties of moderator and LLfp. Compatibility of cladding material and LLFP.
Among the target candidates, excluding iodine and technetium, whose compatibility with cladding materials has been clarified by previous studies 35, 36 , compatibility experiments were conducted on ZnSe and Pd.
From structural observation and elemental analysis of SUS316 steel, no reaction with ZnSe was observed; and it was revealed that ZnSe has good compatibility with SUS316 steel. Regarding Pd and SUS316 steel, the weight changes of SUS316 steel were −0.0001 g and −0.00002 g, both showing weight reduction. From the structural observation and elemental analysis of SUS316 steel, oxide was formed in the surface layer. This is an oxide of Fe, and Pd was not detected. Oxygen is considered to be an impurity contained in the experimental atmosphere; however, it was not observed in the compatibility experiment of ZnSe and SUS316 steel conducted under the same conditions. Therefore, Pd is considered to influence this oxide formation. For this reason, when loading a Pd target, it is necessary to pay attention to the management of the atmosphere in the cladding tube.
Experiments on fabrication and retention of Y hydride and Y deuteride. Y hydrides and YD 2 used as neutron moderators were fabricated in pellets; and they were tested for the evaluation of retention characteristics of hydrogen and deuterium under temperature conditions of reactor operation. Figure 22 shows the fabrication results of YD 2 pellets. Figure 23 shows the fabrication results of YH 2 pellets. It was found that both YD 2 and YH 2 moderator pellets can be fabricated securely.
As for YH 2 and YD 2 , it was found that when YH 3 or YD 3 is produced, the shape stability of targets is remarkably inferior, and the amount of dissociation of hydrogen or deuterium increases at low temperatures. A fabrication method that does not produce YH 3 or YD 3 was adopted.
As a result of evaluating the release amount of hydrogen or deuterium at high temperatures of Zr hydrides and deuterides and Y hydrides and deuterides by the thermal desorption gas analysis (TDS), ZrH 2 and ZrD 2 released almost all hydrogen or deuterium up to 600 °C. In YH 2 and YD 2 , the amount of hydrogen or deuterium released up to 600 °C. was small. Therefore, it was clarified that Y is superior to Zr in hydrogen retention performance up to 600 °C, which is assumed to be the reactor temperature.
conclusions
The purpose of this study was to clarify the method to achieve high transmutation rates of four long-lived fission products ( 79 Se, 99 Tc, 107 Pd, and 129 I) using a fast reactor. Figure 21 . Dependence of power peaking and transmutation rate on volume ratio of 99 Tc in 99 Tc pin. As the volume ratio of 99 Tc in the Tc pin increases, 129 I transmutation rate and power peaking in the assembly decrease. When the 99 Tc volume ratio was approximately 40%, power peaking was approximately 1.8, and the transmutation rate at that time was 7.5%/year. www.nature.com/scientificreports www.nature.com/scientificreports/ For 79 Se, from the viewpoint of high transmutation rate and reduction of power peaking of adjacent fuel assemblies, the volume ratio of ZnSe and YD 2 was set at 1:9, resulting in a transmutation rate of 10.4%/year. It was also found that SR achieved approximately 28.
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For 99 Tc, a measure was taken to mix YH 2 and YD 2 as the moderator material in order to suppress power peaking of the adjacent fuel assembly. By changing the volume ratio of YH 2 and YD 2 to 6:4 and the volume ratio of 99 Tc and moderator (YH 2 + YD 2 ) to 1:9, the transmutation rate was 7.9%/year. SR was 4.3, satisfying SR > 1.
For 107 Pd, the transmutation rate was 8.0%/year by setting the volume ratio of Pd and YD 2 at 1:9 from the viewpoint of high transmutation rate and reduction of power peaking of adjacent fuel assemblies. SR was also found to achieve 1.8.
For 129 I, a new 129 I target assembly with a thermal neutron filter was invented to suppress power peaking of adjacent fuel assemblies. As the thermal neutron filter, the outer layer of the 129 I target assembly was replaced with Tc. By changing the volume ratio of Tc in the Tc pin to 40% and the volume ratio of BaI 2 to YH 2 to 1:9, the transmutation rate was 7.5%/year. The SR was 1.5.
The feasibility of the LLFP transmutation target was clarified through experiments on the material properties and fabrication of LLFP targets, YH 2 and YD 2 moderators.
The impact of separation characteristics and transmutation rate on 93 Zr and 135 Cs will be studied in future.
Method
Selection of LLfp target. The selection of materials for the four nuclides was decided under the following considerations. Se is a metalloid element having a melting point of 221 °C and a boiling point of 685 °C, and is in a liquid phase at the operating temperature of the fast reactor. Therefore, ZnSe was selected as a compound form t that is a solid phase when loaded into the reactor core. ZnSe has a melting point of 1526 °C, and thermal analysis results confirm its stability up to 500 °C. Since the transmutation target improves transmutation efficiency by mixing with the neutron moderator, the transmutation target of ZeSe is a mixed complex with Yttrium deuteride.
Tc is a transition metal having a melting point of 2157 °C and a boiling point of 4265 °C, and even a Tc metal can maintain a solid state in a fast reactor. However, the transmutation target improves the transmutation efficiency by mixing with a neutron moderator. Therefore, the transmutation target of Tc is a complex with YH 2 or/ and YD 2 .
Pd is a transition metal having a melting point of 1555 °C and a boiling point of 2964 °C, and even a Pd metal can maintain a solid state in a fast reactor. However, because the transmutation target improves the transmutation efficiency by combining with a neutron moderator, the transmutation target of Pd is a complex with YD 2 .
Iodine is a halogen element having a melting point of 114 °C and a boiling point of 185 °C, and it is in a gas phase at the operating temperature (about 500 °C) of the fast reactor. For this reason, BaI 2 was selected as a compound form that becomes a solid phase when loaded into the reactor core. BaI 2 has a melting point of 711 °C. The transmutation 129 I target is a complex with YH 2 .
In previous study 35 , increasing the ratio of moderator has made the LLFP target hard to sinter when compounded LLFP and moderator material are mixed.
Therefore, the transmutation target of I or Se is a complex in which BaI 2 or ZnSe compound is inserted into the holes provided in the moderator pellet. Reactor physics analysis. Using a 300 MWe class sodium cooled, MOX fueled fast reactor, aiming at a high transmutation rate for four nuclides of 79 Se, 99 Tc, 107 Pd and 129 I, the transmutation rate, support ratio, and power peaking coefficient were analyzed using the following parameters: type of moderator (deuteride, hydride), ratio of LLFP and moderator in the LLFP target, and the target arrangement in a LLFP target assembly. Analysis was performed using the MVP code 37 and MVP-burn code 38 . The cross section library used was JENDL-4.0 39 installed in the MVP code. The MVP 3D full reactor model included accurate representation of the configuration of the assembly and pin. The MVP calculations were performed under the same conditions with the previous paper 27 . The uncertainties of the present calculation were almost same with the previous results 27 . For the four nuclides of 79 Se, 99 Tc, 107 Pd, and 129 I, the target assemblies were loaded on the first layer of the blanket. The structure and material of the target assembly are the same as those of the blanket fuel assembly.
Material property experiments.
For evaluating the feasibility of LLFP transmutation, it is important to confirm material compatibility. The following experiments were conducted in relation to LLFP target materials, hydride and deuteride characteristics, LLFP target production, LLFP separation and recovery, etc. They are experiments for the evaluation of coexistence with cladding materials and LLFP, experiments for LLFP production methods, experiments for production and retention performance of hydride and deuteride, and experiments for separation and recovery methods of irradiated LLFP.
Compatibility experiments with cladding materials. In the compatibility experiment, SUS316 steel selected as a cladding material in a quartz tube was brought into contact with each LLFP candidate compound powder, heated to a high temperature, and held for 500 hours. The heating temperature was set at 500 °C from the viewpoint of the stability of ZnSe and at 650 °C for Pd.
No experiments for iodine and Tc were carried out because the stability of these elements was confirmed by previous experimental results 35, 36 .
Fabrication method of LLFP targets. There are several fabrication methods for ZnSe, which is a candidate form of 79 Se, including a fabrication of a single crystal material by vapor phase method 40 ; however, the fabrication method using vapor phase has high LLFP diffusivity. There is concern about an increase in the loss rate in the fabrication process. Therefore, synthesis by thermal decomposition of metal alkoxides that has been studied is considered suitable as a fabrication method for handling radioactive 79 Se because there is no generation of a gas phase during fabrication and the temperature during fabrication is low 41 .
For BaI 2 , which is a candidate form of I, a method of synthesizing BaI 2 by using red phosphorus to change I to IH and reacting with a barium compound such as barium carbonate (BaCO 3 ) is effective. However, BaI 2 is highly hygroscopic and easily forms hydrates, and there is concern about BaI 2 hydrates promoting corrosion of stainless steel, which is a cladding material. It is necessary to perform sufficient dehydration treatment at the final stage in the production of the above.
Since Tc and Pd are in a single form, the fabrication method of these LLFPs is to increase the purity of the recovered product from the reprocessing process. Tc is assumed to be contained in the nitric acid solution in the reprocessing dissolution process, and Tc can be purified and recovered with high efficiency by denitration with formic acid. Pd is present in the insoluble residue and solution in the fuel dissolution process, and it can be purified by separation with the aqua regia dissolved zinc or formate after separation of the insoluble residue. Thus, these techniques can be applied to the purification of Tc and Pd.
Experiments of fabrication and retention of hydrides and deuterides. In order to clarify the retention characteristics of hydrogen in YH 2 and deuterium in YD 2 , TDS and high temperature X-ray diffraction (High temperature XRD) using the fabricated YH 2 and YD 2 was performed.
